AbstrAct Many agricultural lands in the western United States consist of soil with high concentrations of salt, which is detrimental to alfalfa (Medicago sativa L.) growth and production, especially in the region where water resource is limited. Developing alfalfa varieties with salt tolerance is imperative for sustainable production under increasing soil salinity. In the present study, we used advanced alfalfa breeding populations and evaluated five traits related to salt tolerance including biomass dry weight (DW) and fresh weight (FW), plant height (PH), leaf relative water content (RWC), and stomatal conductance (SC) under control and salt stress. Stress susceptibility index (SSI) of each trait and single-nucleotide polymorphism (SNP) markers generated by genotyping-by-sequencing (GBS) were used for genome-wide association studies (GWAS) to identify loci associated with salt tolerance. A total of 53 significant SNPs associated with salt tolerance were identified and they were located at 49 loci through eight chromosomes. A Basic Local Alignment Search Tool (BLAST) search of the regions surrounding the SNPs revealed 21 putative candidate genes associated with salt tolerance. The genetic architecture for traits related to salt tolerance characterized in this report could help in understanding the genetic mechanism by which salt stress affects plant growth and production in alfalfa. The markers and candidate genes identified in the present study would be useful for marker-assisted selection (MAS) in breeding salt-tolerant alfalfa after validation of the markers.
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I
ncreasing soil salinity is one of the most important environmental factor affecting plant growth and productivity in arid and semiarid regions (Bertrand et al., 2015; Yu et al., 2017) . At present, nearly half of world's irrigated lands and almost one-fifth of global arable lands are affected by soil salinity (Qiao et al., 2014) . Developing crop varieties with improved salt tolerance is imperative for sustainable crop production worldwide (Rengasamy, 2006) .
Alfalfa is the most important forage crop as a result of its high yield, nutritional quality, and adaptability. Alfalfa plants are sensitive to highly saline soils (Monirifar and Barghi, 2009; Long et al., 2012) . Most of existing alfalfa cultivars are unable to grow on saline and arid lands (Peel et al., 2004; Bao et al., 2016) . Development of alfalfa cultivars with resistance to high salinity soil would improve the sustainable production of alfalfa (Quan et al., 2016) .
Alfalfa is an autotetraploid (2n = 4x = 32) species with a genome size of 800 to 1000 Mb (Blondon et al., 1994) . It is an allogamous and highly heterozygous legume (Choi et al., 2004) . Cultivated varieties are synthetic populations obtained by a high degree of outcrossing of several generations from various numbers of parents (Flajoulot et al., 2005) . To select salt-tolerant germplasm resources, breeders use recurrent selection and intermating to develop breeding populations with half-sib families. Morphological, physiological, and biochemical factors are used for evaluating alfalfa individuals in breeding programs to accumulate desirable alleles at high frequency into breeding populations (Safarnejad, 2008; Monirifar and Barghi, 2009; Ashrafi et al., 2015) . To date, progress has been made to enhance salt tolerance in alfalfa; however, conventional breeding of alfalfa has been challenged by the outbreeding mating system of alfalfa and its tetraploid nature (Annicchiarico et al., 2015) . One suggested approach is to improve the efficiency of breeding program by employing new selection strategies such as MAS. The first step toward MAS is to identify marker loci linked to traits for salt tolerance (Ashraf and Harris, 2004) .
Recent advancements in molecular biology have led to the development of more efficient molecular tools for mapping genetic loci associated with salt tolerance in crops including alfalfa (Flajoulot et al., 2005; Liu et al., 2013) . A number of genes or quantitative trait loci (QTL) associated with salt tolerance have been identified by a range of molecular markers techniques such as restriction fragment length polymorphism, amplified fragment length polymorphism, and simple sequence repeat in different plant species including alfalfa (Flowers et al., 2000; Foolad et al., 2001; Huang et al., 2006; Lee et al., 2007; Sabouri et al., 2009; Zhou et al., 2012; Postnikova et al., 2013) . The marker closely linked to the traits of interest could be used for MAS in breeding programs to accelerate breeding circles in developing resistant varieties (Ashraf and Foolad, 2013) . It is estimated that the breeding cycle with MAS may be accelerated by several years compared with conventional breeding programs (Ashraf and Foolad, 2013) . However, the use of single or small numbers of markers is inefficient for selecting complex traits such as salt and drought tolerance. Genome-wide association studies provide a recently emerged and a powerful strategy to overcome the limitations of traditional QTL mapping. Compared with conventional QTL mapping, GWAS map genetic loci in a breeding population or a panel of germplasm collections instead of a biparental population. It relies on linkage disequilibrium (LD) and use marker-trait association to identify loci at the whole-genome level (Kolbehdari et al., 2009) . Over the past few years, GWAS have been widely applied to identify genetic loci in crop species, such as rice (Oryza sativa L.) (Huang et al., 2010) , sorghum [Sorghum bicolor (L.) Moench] (Boyles et al., 2016) , soybean (Glycine max L.) (Hwang et al., 2014) , maize (Zea mays L.) (Olukolu et al., 2016) , and barrel clover (Medicago truncatula Gaertn.) (Bonhomme et al., 2014) . In alfalfa, GWAS have been conducted to identify SNP loci for forage quality (Biazzi et al., 2017; Jia et al., 2017) , drought (Zhang et al., 2015; Yu, 2017) , and salt tolerance (Yu et al., 2016; Liu and Yu, 2017) , fall dormancy (Munjal et al., 2017) , and disease resistance . These genome-wide SNP markers provide a platform for fine mapping of QTL at the whole-genome level toward MAS and genomic selection (GS) (Li and Brummer 2012) .
We have developed breeding populations using parents of mixed cultivars: Malone, Saranac, Salt II, Alfagraze, Archer II, Cimerron, Forager, Mesa Sersa, P53V08, Renovator, Salado, Spreader III, U2948, and Wrangler. The progenies were selected through four cycles of recurrent selection based on plant survival under high salinity condition. Two tetraploid alfalfa populations were developed and designated SII and ChkSltn. To better understand the genetic bases by which high salinity affects alfalfa growth and yield production, in this study, we used the above advanced breeding populations to identify genes or molecular markers associated with salt tolerance by GWAS. Our ultimate goal is to develop markers closely linked to salt tolerance loci that can be used for MAS to increase the efficiency and effectiveness of breeding programs for developing alfalfa cultivars with enhanced tolerance to high salinity.
MAteriAls And Methods

Plant Materials and Experimental Conditions
Three hundred and four alfalfa individuals from 38 half-sib families were developed following four cycles of recurrent selection of the SII and ChkSltn alfalfa populations based on plant survival. In 2009, these populations were established in a saline field nursery located near Castle Dale, UT. An additional cycle of selection was completed based on survival and agronomic performance, particularly forage production under field conditions. Selected material from the two populations was then put in a single greenhouse crossing block and combined into a single population. This material was then subjected to greenhouse screening as described by Peel et al. (2004) and 38 plants were selected and recombined in a crossing block. The progeny from these 38 plants represent 38 half-sib families with evaluation completed on eight plants from each half-sib family.
Of 304 individual plants selected, 13 died during the selection procedure. The remaining 291 alfalfa individuals were used in the present study. They were clonally propagated and six clones per plant were transplanted individually to cylindrical pots filled with the commercial Pro-Mix soil and grown in a greenhouse. Phenotyping Salt-Related Traits After 4 wk of the salt treatment, five agronomic and physiological traits were phenotyped for both stressed and control plants. Plant height was measured from the soil surface to the tip of the plants. The SC-1 Leaf Porometer (Decagon Devices, Inc.) was used for measuring leaf SC as previously described . Two readings from different leaves were made for each plant, and the mean value was calculated to evaluate the plant SC. Leaf relative water content was measured by the protocol as follows. Six most fully expanded leaves were collected from each plant and weighed to obtain the FW, then the samples were immediately put in a closed Petri dish with deionized water for hydration to archive full turgidity for 3 to 4 h under room temperature. After hydration, the samples were taken out of the water and the remaining water was quickly removed from leaf surface with tissue paper. The leaves were immediately weighed to obtain the fully turgid weight (TW). Samples were then dried at 80°C in the oven for 24 h and weighed for DW after being cooled down in a desiccator. The RWC was calculated as follows:
Plant shoots were harvested from ~5 cm above the soil surface. Plant FW was measured and recorded. Then, they were dried at 80°C in the oven for 2 d. Biomass DW was measured and recorded after drying. given test under stress and nonstress conditions, respectively (Fischer and Maurer, 1978) .
Phenotypic Data Analysis
Variances from three replicates for each trait under control and salt treatments were analyzed using multivariate analysis of variance. Additionally, a normality test was analyzed using the Kolmogorov-Smirnov tests (Drezner et al., 2010) . Pearson correlation was calculated for all traits using trait means. All analyses were conducted using software JMP 13 (SAS Institute, 2016).
DNA Extraction and Genotyping
DNA was extracted from young leaves of the original 291 alfalfa plants using the Qiagen DNeasy 96 Plant kit according to the manufacturer's procedure. They were sent to the University of Minnesota Genomics Center (Saint Paul, MN) for GBS. The methylation-sensitive restriction enzyme ApekI was used for DNA digestion and subjected to library preparation. The GBS libraries were then sequenced across two lanes of an Illumina HiSeq 2500 Rapid 100 bp single-read flow cell.
Sequence reads were processed using FASTQ to obtain unique sequence tags. The master tags were aligned to the M. truncatula reference genome v4.0 (Tang et al., 2014) using the Burrows-Wheeler Aligner 0.7.12-r1039 software (Li and Durbin, 2009 ) (aln algorithm, max edit distance 0.01, all other parameters, default). After processing with Picard Tools v1.95 (sorting, adding read groups), variants were called using Freebayes v1.1.0 (Garrison and Marth, 2012) with following settings: mapping quality 1, base quality 3, alternate count 4, alternate fraction 0.1, coverage 1410, pooled continuous, use best 2 alleles, ploidy 4, other settings, default. Further filtering for minor allele frequency (MAF) and missing data was applied using a custom Python script, converttet-vcf.py (https://github.com/CharlesHawkins/converttet-vcf) as follows: MAF 5%, max missing genotypes for locus 50%, min. q-score for locus 20, max. missing genotypes for sample 50%. Loci with missing >50%, MAF <5%, or Q-score <20 were removed first, then the fraction of missing genotypes for each sample was calculated based on the remaining loci. After filtration, 7401 meaningful SNPs were obtained and used for GWAS. Using the haplotype-based Freebayes pipeline, up to five genotypes (e.g., AAAA, AAAB, AABB, ABBB, and BBBB) can be called at a single locus of the tetraploid alfalfa.
Genome-Wide Association
Genotyping-by-sequencing markers were further filtered with a cutoff value of 0.25 for missing values. The missing values were then imputed using the built-in function in TASSEL (http://www.maizegenetics.net/tassel) (Bradbury et al., 2007) . Genome-wide association was performed using a mixed linear model build in TASSEL. A kinship matrix (K) was used jointly with Q matrix (Q) to control for population structure during association mapping. The P-value was used for determining the significance of marker-trait association using a false discovery rate (FDR) of 0.05 (Benjamini and Hochberg, 1995) .
Manhattan plots and quantile-quantile (QQ) plots were generated from the TASSEL results.
To analyze the LD among significant markers identified in the study, we used the same genotypic data and performed LD analysis using Haploview v4.2 (http:// www.broadinstitute.org/haploview/haploview) (Barrett et al., 2005) .
Database Search for Putative Candidate Genes
The sequences of the fragments containing significant SNP were used as queries for BLAST search in the JBrowse of the M. truncatula Genome Database (http:// www.medicagogenome.org/) against the M. truncatula genome sequence (Mt4.0 v1). The best hits of annotated genes were identified and assigned as putative candidates based on gene function.
results
Analysis of Phenotypic Variations and Correlations among Salt-Related Traits
Significant differences were found in the population under both the control and salt treatments (Table 1) . Salt stress significantly reduced biomass yield. The average DW and FW of salt stressed plants were decreased by 40.96 and 47.66%, respectively, compared with the control plants (Table 1) . Although the average RWC change was just 4.77%, a significant difference was found between stressed plants and control plants. The average value of SC for stressed plants was 19.82% lower than that of the control plants (Table 1) .
The normal distributions of five traits under control and salt stress are shown in Fig. 1 . The bivariate fit of control and salt stress of the measured traits shows the overall variation by treatment (Fig. 2) . Significant reductions in yield and morphological traits (DW, FW, and PH) were obtained under salt stress ( Fig. 2A-C) , whereas smaller reductions were found in the physiological traits (SC and RWC) (Fig. 2D,E) .
To take into account the variability of genotypic potential in the populations, we used the SSI for further characterization of the traits. Analysis of variation was conducted for the SSIs and significant differences were found among 291 lines for most of the traits (Table 2) . The results of a correlation analysis among the SSI of five traits across the populations are shown in Table 3 . Positive correlations were obtained between SSI-DW and SSI-FW (r = 0.882, P < 0.01), SSI-DW and SSI-PH (r = 0.542, P < 0.01), and SSI-FW and SSI-PH (r = 0.485, P < 0.01). A strong correlation was found between SSI-DW and SSI-FW (r = 0.882, P < 0.01). Moderate correlations were also found between SSI-PH and SSI-RWC with correlation coefficient values of 0.201. However, no correlation was found between SSI-SC and the other traits: SSI-DW, SSI-FW, SSI-PH, and SSI-RWC.
Genome-Wide Association Studies
Marker-trait association was performed among all traits evaluated for salt tolerance. The P-value was used for determining the significance of association. The P-values (negative log transformed) of markers against genetic positions for each trait is presented in the Manhattan plots ( Fig. 3A-E ) and the observed P-values against expected P-values are shown in the QQ plots ( Fig. 3F-J) . Using an FDR of 0.05 as the cutoff value, a total of 53 SNPs located at 49 loci were identified to be significantly associated with the traits (Tables 4 and 5; Fig. 3 ). For SSI-DW, 26 SNPs achieved the significant level of association (Table 4 ; Fig. 3A ). These SNPs were located over seven chromosomes, with three on chromosome 1, eight on chromosome 2, eight on chromosome 3, two on chromosome 4, one on chromosome 6, three on chromosome 7, and one on chromosome 8. Thirty-one SNPs were significantly associated with SSI-FW and they were located through all eight chromosomes. Compared with SSI-DW, 25 SNPs identified in SSI-FW were also found in SSI-DW. For the morphological and physiological traits, only two markers were significantly associated with SSI-PH. They were located on chromosomes 5 and 8 (Table 5) . Three markers were associated with SSI-RWC and they were located on chromosomes 1 and 8 (Table 5) , whereas, 16 markers were significantly associated with SSI-SC and they were located on all chromosomes except chromosome 7 (Table 5 ). Assigning Significant Markers to Known Genes Of the significant markers identified, 21 were linked to known genes in the M. truncatula genome (Tables 4  and 5 ). Among them, three markers (S1_39703324, S1_39703342, and S1_39703362) at the same locus on chromosome 7 were linked to a gene (Medtr1g088730) homologous to the P-loop nucleoside triphosphate hydrolase superfamily protein. 
Linkage Disequilibrium Analysis of Significant Markers
The D¢ and r 2 values between each pair of significant markers were calculated using Haploview v4.2 and the result was presented in Fig. 4 . Among the 23 markers analyzed, 18 pairs showed strong LDs (Fig. 4 , red prisms without number). The r 2 values of these pairs were 1, indicating tight linkage between them. However, some pairs were located on different chromosomes and other pairs were located at the same locus such as S6_31589531 and S6_31589567 on chromosome 6, S1_39703324 and S1_39703342 on chromosome 1, S1_39703342 and S1_39703362 on chromosome 1, and S1_39703324 and S1_39703362 on chromosome 1. Besides markers at the same location, strong LDs were also observed between markers in different chromosome regions. They include S8_6566942 on chromosome 8 and S4_47362563 on chromosome 4, S6_10616037 on chromosome 6 and S2_35873298 on chromosome 2, S6_10616037 on chromosome 6, and S1_39703342 on chromosome 1. The strong linkage between these markers located on different chromosomes might be due to sequence redundancy or genotyping error. An intermediate value was found between markers S2_33997770 and S2_45336659 on chromosome 2 (r 2 = 0.66). Lower values appeared for the remaining markers (r 2 < 0.5). The results of linkage disequilibrium analysis may suggest that these loci are likely to contribute to phenotypic effects independently. 0.12 Medtr6g477860 Myb transcription factor † Markers in bold text with the same first six digits are located on the same locus. ‡ SSI, stress susceptibility index; DW, dry weight; FW, fresh weight. The same markers identified in different traits are in italic text. Candidate, putative candidate genes linked to the significant markers based on the BLAST of the flanking sequence tags against the updated version of M. truncatula genome sequence, Mt4.0 v2. SSI-DW, SSI-FW, salt susceptibility indexes for dry weight and fresh weight, respectively. discussion This study was conducted to understand the genetic basis by which salt stress affects plant growth and biomass production in alfalfa. Previous reports used biomass production under saline condition for evaluating salt tolerance. Our study used both saline and control conditions and calculated SSI to evaluate salt tolerance and potential productivity. It has been suggested that the SSI is a more meaningful approach than the conventional simple expression of yield under stress. It takes into account the genotypic variations of productivity of individuals in a given population (Fischer and Maurer 1978) . In the present study we identified more significant markers using the SSI data set than those using the simple stress data set (Supplemental Fig. S1 ).
Quantitative trait loci for salt tolerance have been reported in M. truncatula in recombinant inbred lines (Arraouadi et al., 2011 (Arraouadi et al., , 2012 . However, The severe inbred depression in outcrossing alfalfa limited the development of inbred lines. In the present study, we used alfalfa breeding populations and identified a total of 49 loci associated with five salt-related traits by GWAS. They were distributed over all eight chromosomes. The most significant markers associated with salt tolerance were identified in the SSI-DW in the present study. Similarly, most significant markers were also found in the SSI-DW in our previous report . This suggests that SSI-DW may be the most valuable trait for evaluating salt tolerance. Markers associated with other traits including PH and SC were also consistent between previous and the present studies. For example, five and 14 SNP markers associated with SSI-PH and SSI-SC, respectively, were identified in our previous study . In the present study, two and 16 SNP markers were significantly associated with SSI-PH and SSI-SC. The identification of multiple loci in the present study supports that salt tolerance in alfalfa is a complex trait with polygenic inheritance, which is in agreement with previous research .
In our previous studies, 32 SNPs significantly associated with salt tolerance during germination were identified in alfalfa (Yu et al., 2016) , and 42 SNP markers were associated with plant growth and forage production under salt stress . These two studies used a panel of germplasm collected for drought resistance. In the present study, we used advanced breeding populations and identified 53 SNP markers associated with forage yield, morphological and physiological traits under salt stress. In the present study, we identified 11 0.06 Medtr5g094150 Cytosine specific DNA methyltransferase replication foci domain protein † Markers in bold text with the same first six digits are located on the same locus. ‡ SSI, stress susceptibility index; PH, plant height; RWC, leaf relative water content; SC, stomatal conductance. Candidate, putative candidate genes linked to the 680 significant markers based on the BLAST of the flanking sequence tags against the updated version of M. truncatula genome sequence, Mt4.0 681 v2. SSI-SC, SSI-PH and SSI-RWC, stress susceptibility indexes for stomatal conductance; plant height and for leaf relative water content, 682 respectively. R2 is coefficient of determination for the marker after fitting models.
significant SNPs on chromosome 2, which were not found in our previous study .
Most of the linked genes identified in the present study were previously known to be involved in plants' response to salt stress. For instance, markers S1_39703324, S1_39703342, and S1_39703362 at the same locus on chromosome 1 were linked to a P-loop nucleoside triphosphate hydrolase superfamily protein, which plays a role in salt tolerance in transgenic Arabidopsis thaliana (L.) Heynh. (Cheung et al., 2013) . In addition, a beige/BEACH and WD40 domain protein was found to be linked to marker S1_31595256 where the same homologous gene in rice regulates salt response (Huang et al., 2008) . Marker S1_37031143 was linked to SPFH/band 7/PHB domain membrane-associated family protein. It has been reported that SPFH is one of cold-inducible genes in A. thaliana (Guan 2013) . Three hypothetical proteins are linked to S3_34059399, S4_19228641, and S1_29565285 on chromosomes 3, 4, and 1, respectively. Although hypothetical proteins are predicted proteins and their functions are usually unknown, previous studies have found that genes encoding hypothetical proteins were significantly induced at either the transcript or translation level after long-term salt stress, demonstrating that some of the hypothetical proteins are involved in salt tolerance in plants (Qiao et al., 2013) . On chromosome 2, marker S2_35873298 was found to be linked to DNA/RNA helicase. Overexpression of RNA and DNA helicase has been shown to improve salt tolerance in IR64 rice by enhancing the antioxidant machinery of the transgenic rice (Tuteja et al., 2013) . A double-strand break repair protein Mre11 was linked to marker S2_33997770. It has been shown that Mre11 exits in the nucleus preventing DNA damage and is involved in signaling and DNA repair under salt stress (Dmitrieva et al., 2003) . E3 ubiquitin-protein ligase XBAT31 is a gene linked to S2_41352092. An E3 ubiquitin protein ligase was among 30 tolerance genes found to be commonly regulated by osmotic, cold, and salt stresses in banana (Musa acuminate Colla) (Hu et al., 2017) . A chromatin remodeling complex subunit was found to be linked to marker S3_32249559 on chromosome 3. It has been reported that HAB1 regulates abscisic acid (ABA) response through the modulation of a putative SWI/SNF chromatinremodeling complex in A. thaliana and ABA has long been known to play a key role in plant responses to stress (Saez et al., 2008) . A candidate gene encoding AT hook motif DNA-binding family protein was linked to marker S3_30679277. AT-hook motif proteins have been found to be involved in multicellular developmental processes in both animals and plants (Ng et al., 2009 ). On chromosome 4, a cytochrome P450 family 709 protein was found to be linked to marker S4_46753874. A monooxygenase in the cytochrome P450 (CYP) protein family from poplar (Populus trichocarpa Torr. & A. Gray) has been shown to reduce shoot growth and enhance tolerance to salinity stress when transformed into rice . In addition, the expression levels of 16 members of two cytochrome P450 protein (P450) subfamilies, flavonoid-3-dihydroxylase (F3¢H) and flavonoid-3-5-dihydroxylase (F3¢5¢H), have been shown to be altered under several different abiotic stresses, including salinity, in the Antarctic moss Pohlia nutans (Hedw.) Lindb. . These results show that certain members of the cytochrome P450 protein (P450) family likely have important functions in enabling plants to cope with salt stress. Marker S4_47362563 was linked to a transducin family protein/ WD-40 repeat protein. In Arabidopsis, members of the WD-40 protein superfamily play important roles in growth regulation and abiotic stress signaling (Gachomo et al., 2014) . A CRS1/YhbY (CRM) domain protein is a candidate gene linked to S6_31589531 and S6_31589567 on chromosome 6. The CRM domain-containing proteins have been reported as important players in the growth and stress response of plants (Lee et al., 2014) .
The whole genome sequence of M. truncatula makes it possible for comparative genomics between M. truncatula and alfalfa as they are close relatives. The alfalfa linkage groups were highly syntenous with M. truncatula (Li et al., 2014) . However, the M. truncatula A17 genotype used for reference genome sequencing contains a reciprocal translocation in the distal regions of chromosomes 4 and 8 (Choi et al., 2004; Kamphuis et al., 2007) . Additionally, sequence inversion on chromosome 1 has been found between M. truncatula and alfalfa (Li et al., 2014) . In the present study, high LDs between markers located in different chromosome regions might be due to genetic translocation or inversion. Therefore, special caution should be taken in comparing the physical position with alfalfa sequences.
In summary, the present study identified a total of 53 significant SNPs and they were located at 49 loci on all chromosomes. The most significant markers were associated with DW, which is consistent with our previous study. BLAST search revealed 21 functional genes linked to the significant SNP markers identified in the present study. Most of them have previously been reported to be involved in plants' response to salt stress. The identification of multiple loci supports that salt tolerance in alfalfa is a complex trait with polygenic inheritance, which is consistent with previous research. The markers identified in this study would be useful for MAS and GS in breeding for salt-tolerant alfalfa.
